Introduction
Apoptosis is a highly regulated multistep biological process and energy-dependent form of cell death. 1 Dysregulation of apoptosis causes human diseases including autoimmunity, neurodegeneration, and heart disease when cells abnormally die. 2 When tissue cells are resistant to apoptosis, it may promote cancer growth and impede the effectiveness of cancer therapies. 2 In a broad view, apoptosis can operate via two pathways, one is mitochondria-mediated and the other is receptor-mediated but mitochondria-independent. 3 In the mitochondria-dependent pathway, an external insult acts on the mitochondrion, with or without the action of proapoptotic proteins such as Bak and Bax, to cause cytochrome c release from the mitochondria to the cytoplasm, which is accompanied by the loss of the mitochondrial membrane potential. Released cytochrome c interacts with apoptotic protease-activating factor 1, ATP, and pro-caspase 9 to form the apoptosome. This apoptosome then activates a cascade of cellular destruction events, beginning with the activation of death-execution effector caspases, such as caspase 3, followed by the activation of downstream caspases, ultimately resulting in the hallmark of apoptosis including condensation of nuclear and cytoplasmic contents, fragmentation of nuclear DNA, and membrane blebbing. 3, 4 Insight into the molecular mechanism of apoptosis has opened new avenues to develop diagnostic, prognostic, and therapeutic tools for management of human diseases. 1, 5, 6 For example, apoptosis-based therapies have been used in the treatment of degenerative, neoplastic, and autoimmune disorders. 2, 7 To keep track of the outcome of apoptosis-based therapy, a biopsy specimen combined with in vitro assays is often used to detect apoptotic signals in certain molecular pathways preceding morphological changes. For the detection of apoptosis in vivo, molecular imaging techniques were used to image caspase activity or phosphatidylserine (PS) exposure. 4, 8 Imaging the activation of the caspase cascade such as caspase 3 activity has been demonstrated in animals using positron emission tomography (PET). 9, 10 However, no human data have ever been published and caspase 3 activation is not necessarily unique to apoptosis. 11, 12 On the other hand, the PS externalization is thought to be an early event in apoptosis that closely follows caspase 3 activation. 4 Annexin V has been the most widely used PS-targeting human protein and allows MRI-, optical-, radionuclide-, and PET-detection via superparamagnetic iron oxide nanoparticle-, fluorescence-, radio-, and ( 18 F)-labeled techniques, respectively. It has been used in phase I and phase II clinical trials as a potential early surrogate marker of therapeutic efficacy in nonsmall cell lung cancer and non-Hodgkin's lymphoma. 13 We have investigated the potential of using reduced nicotinamide adenine dinucleotide (NADH) fluorescence lifetime as a new in vivo biomarker to detect apoptosis at the early phase. NADH is involved in the respiration in mitochondria to generate membrane potential and synthesize ATP. Depletion of and ATP are key features of the execution of apoptosis. NADH fluorescence lifetime (τ ) is attributed to two major lifetime components: free NADH exhibiting a shorter lifetime, τ 1 ∼0.4 to 0.5 ns, and bound NADH exhibiting a longer lifetime, τ 2 ∼2 to 8 ns. These lifetime components have been associated with the metabolic activities and neoplasm. 14, 15 In one of our previous studies, staurosporine (STS)-induced apoptosis in HeLa cells was used as the model of the mitochondria-mediated apoptotic pathway that involves cytochrome c release, decrease, caspase 3 activation, and nuclear DNA fragmentation. 16 We observed an immediate increase of NADH fluorescence lifetime within the first 15 min after 1 μM STS induction and then a decrease at our 2nd acquired time point (i.e., 15 to 30 min), which occurred earlier than caspase 3 activation and expression of annexin V. 17 The mechanism behind this NADH fluorescence lifetime change is unknown and still awaits clarification. In this study, we investigated the time course relationship of NADH fluorescence lifetime and mitochondrial functions including , ATP content, and oxygen consumption rate of mitochondria after STS-induced apoptosis. Mitochondrial dysfunction (e.g., decline) is essential to kill cells by STS regardless of the inhibition of caspase. 18 Furthermore, the extent of changes in and ATP in mitochondria determined the pathway of the cell death, i.e., apoptosis versus necrosis. 19 Thus, exploring the time course of these signals related to the mitochondrial function may help understand the origin of NADH fluorescence lifetime change in the mitochondria-mediated apoptosis.
Materials and methods

Cell Cultures and Experiments
Cell preparation and NADH fluorescence lifetime imaging microscopy (FLIM) were conducted as previously reported. 17 Human HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen Corp., Carlsbad, California) containing 100 units/ml penicillin G, 100 μg/ml streptomycin sulfate, 0.5 μg/ml amphotericin B, and 5% fetal bovine serum (FBS) (Biological Industries, Kibbutz Beit Haemek, Israel) at 37
• C in a humidified atmosphere with 5% CO 2. At 24 h before NADH fluorescence lifetime imaging and drug treatments, cells at a density of 2×10 4 cells/cm 2 were seeded onto 24-mm diameter round glass cover slips (Paul Marienfeld GmbH & Co., Lauda-Konigshofen, Germany), which had been coated with 200 μl undiluted FBS per cover slip. These cover slips were then kept in dishes and cultured in DMEM inside an incubator for 24 h until cells were completely attached onto the cover slip and in the early log phase of cell proliferation. Immediately before taking NADH fluorescence images, cells were washed twice using a phosphate-buffered saline (PBS) solution and then transferred to a cell chamber designed for viewing live cells. An aliquot of 1 ml of 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (5 mM KCl, 140 mM NaCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, pH 7.4) was used to nourish cells without light absorption of the red color of the culture medium during fluorescence lifetime imaging. Additional measurements were performed using PBS in the same field of view (FOV) of control cells to ensure HEPES does not affect the lifetime measurement (data not shown). All of the images were acquired at room temperature to optimize the NADH fluorescence intensity. 20 The temperature effect has been carefully considered in our previous study that the results of NADH fluorescence lifetime before and within the first 15 min after STS treatment were not affected by the room temperature condition (Ref. 17 , Tables 1 and 2 ). We also observed no temperature effect on the NADH fluorescence lifetime of control and 1 μM STS-treated cells at later time points up to 2 h (data not shown). The physiological temperature was maintained with the hot air blown into the plexiglass microscope stage incubator, whereas both the stage and the lens were heated simultaneously. Even distribution of the hot air inside the incubator was ensured by a couple of small fans attached to the box walls. The temperature was read by a thermal coupler from a reference well, filled with distilled water, and the air blow volume was adjusted correspondingly by the control unit.
Our previous study of HeLa cells treated with 1 μM STS (Sigma-Aldrich, St. Louis, Missouri) showed an immediate NADH fluorescence lifetime increase (i.e., within the first 15 min) during a continuous 2 h FLIM imaging period at room temperature. We would like to study this lifetime change at a slower pace and hypothesized that the pace of this lifetime change depends on the STS concentration. We tested STS doses at 1, 25, 50, and 100 nM. We found that the NADH fluorescence lifetime immediately increased at the concentration of 100 nM. At 50 nM of STS a gradually increased NADH lifetime was observed within 2 h. At 1 and 25 nM STS dose levels, the NADH fluorescence lifetime did not change much within a 2 h time frame. Thus we chose 50 nM as the "lower" dose for this study to compare with previously used 1 μM as the "higher" dose. Timelapsed NADH fluorescence lifetime images were obtained at the same site (same FOV) before, immediately after (0 to 15 min), and up to 2 h after treatment of HeLa cells with STS. The FOV of each image was 100×100 μm (256×256 pixels). Control images of cells were taken before STS treatment. The acquisition time of each image was 600 s to ensure acquiring enough photons for reliable NADH fluorescence lifetime analysis.
Mitochondrial Dysfunction, Cell Preparation, and Polymerase Chain Reaction Analysis
Human cytoplasmic hybrids (cybrids) harboring two different proportions (0 versus ∼56%) of 4,977 base pair-deleted mitochondrial DNA (mtDNA) were previously made by fusing mtDNA-less human osteosarcoma cells with enucleated skin fibroblasts that has been established from a patient with clinically proven chronic progressive external ophthalmoplegia syndrome. 21 The exact proportion of 4,977 bp-deleted mtDNA in each of the cybrids used for this study was confirmed by polymerase chain reaction (PCR) analysis or by Southern hybridization according to previous reports. 21, 22 The cybrids were grown in DMEM supplemented with 5% FBS, 100 μg/ml pyruvate, and 50 μg/ml uridine and incubated at 37
• C in a humidified atmosphere with 5% CO 2 .
Caspase 3 Activity Assay
Cells were disintegrated in 100 μl lysis buffer (12.5 mM TrisHCl, 1 mM dithiothreitol, 0.125 mM ethylenediaminetetraacetic acid (EDTA), 5% glycerol, and an aliquot of complete protease inhibitor mixture, (Roche Applied Sciences, Mannheim, Germany), pH 7.0) on ice for 30 min and centrifuged at 9000 g for 10 min at 4
• C. An aliquot of 50 μg protein was incubated with 20 μM Ac-DEVD-AFC (Calbiochem, San Diego, California), a fluorescent substrate of caspase 3, in 500 μl of assay buffer (50 mM Tris-HCl, 1 mM EDTA, and 10 mM EGTA, pH 7.0) at 37
• C for 30 min in the dark. The fluorescence intensity of the product was determined by the spectrofluorometry (Hitachi F-3000, Tokyo, Japan) at an excitation wavelength of 380 nm and an emission wavelength of 508 nm as described previously. 21 
Measurements of intracellular ATP content
The intracellular ATP content was measured by means of cytosol-and mitochondria-targeted luciferase using a bioluminescent somatic cell ATP assay kit (Sigma-Aldrich, St. Louis, Missouri). Intracellular ATP was released by mixing an aliquot of 50 μl of viable cell suspension collected at different time points before and after STS treatment with 150 μl of somatic cell releasing buffer. Half of the mixture was then transferred into a black 96-well plate (OptiPlate-96F, Packed Biosciences, Perkin-Elmer, Foster City, California) containing 100 μl of ATP assay mix per well. The chemiluminescence intensity was measured by the Victor 2 1420 multilabel counter (Perkin Elmer Life and Analytical Sciences, Waltham, Massachusetts). The luminescence intensity was normalized to the total number of cells.
Measurements of Mitochondrial Membrane Potential ( )
The membrane potential of mitochondria ( ) was determined by the use of 5,5 ,6,6 -tetrachloro-1,1 3,3 -tetraethylbenzimidazolyl carbocyanine iodide (JC-1; Molecular Probes, Eugene, Oregon). The cell pellet was dispersed into fresh DMEM containing 2 μM JC-1 for 30 min at 37
• C. Cells were then washed twice with PBS, re-suspended in 200 μl PBS and transferred into a black OptiPlate-96F 96-well plate (Packed Bioscience, Perkin-Elmer) to measure by the Victor 2 1420 multilabel counter (PerkinElmer Life and Analytical Science, Waltham, Massachusetts). J-monomer fluorescence was excited and emitted at 485 nm and 535 nm, respectively. J-aggregate fluorescence was excited and emitted at 544 nm and 590 nm, respectively. The was determined by the ratio of the fluorescence intensity between the J-aggregate and the J-monomer.
Measurements of the Oxygen Consumption Rate
The oxygen consumption rate was measured by using the 782 oxygen meter (Strathkelvin Instrument, Motherwell, UK). An aliquot of 4×10 5 cells was re-suspended in 330 μl of assay buffer (125 mM sucrose, 65 mM KCl, 2 mM MgCl 2 , 20 mM phosphate buffer, pH 7.2) and the cell suspension was then transferred into the incubation chamber. An aliquot of 0.0006% digitonin (Sigma-Aldrich, St. Louis, Missouri) was added to permeabilize the plasma membrane of the cells. The rate of substrate-supported oxygen consumption was measured after injecting 17 mM glutamate and 17 mM malate into the chamber as the electron donors. The state 3 respiration rate (i.e., the state of ATP synthesis) was then established and measured after injection of an additional 1 mM ADP. 23 
NADH Fluorescence Lifetime Imaging Microscopy and Data Analysis
Time-domain FLIM was performed using a 60×1.45NA planapochromat oil objective lens (Olympus Corp., Tokyo, Japan) on a modified 2-photon laser scanning microscope (FV300 with the IX71 inverted microscope, Olympus Corp., Japan) as described previously. 17 In this study, samples were excited at 740 nm (2-photon) by a mode-locked Ti:Sapphire Mira F-900 laser, pumped by a solid-state continuous wave 532 nm Verdi laser (both from Coherent Inc., Santa Clara, California). The scanning speed of the FV300 was controlled externally by a function generator (AFG310, Tektronix Inc., Beaverton, Oregon).
NADH fluorescence photons were detected using a bandpass filter of 447 ± 30 nm (Semrock Inc., Rochester, NewYork) in a non-descanned mode by a photon counting photomultiplier (H7422P-40, Hamamatsu Photonics K.K., Hamamatsu, Japan). Time-resolved detection was conducted by the single-photoncounting SPC-830 PC board (Becker & Hickl GmbH, Berlin, Germany). Additional short pass and infrared cut-off filters were used to reject reflected or scattered excitation light at 740 nm. The average laser power of ∼3 to 5 mW was used at the focal plane of the objective, which is lower than the reported laser power of two-photon damage 17 and was found optimal for the prevention of photobleaching.
NADH lifetime data were analyzed with the commercially available SPCImage v2.8 software package (Becker & Hickl GmbH, Berlin, Germany) that convoluted a double-exponential model function, F (t) = a 1 e −t / τ1 + a 2 e −t / τ2 , and the instrument response function, I instr , and then fitted the convoluted results to the experiment data to extract lifetime parameters τ 1 , τ 2 , a 1 , and a 2 . Here a 1 e −t / τ1 and a 2 e −t / τ2 represent the contributed fluorescence decays from free and bound NADH, respectively, τ 1 and τ 2 represent their corresponding lifetimes, and a 1 and a 2 are the corresponding relative amplitudes. I instr was measured using a second-harmonic generated signal from a periodically poled lithium niobate crystal as previously reported. 24 A representative fluorescence decay curve, the fit, and the residual are shown in Fig. 1(c) of our previous study 17 to show the quality of the lifetime fit. A three or higher component exponential model function was tested to see if it provided a better fit in the lifetime micrograph of control cells. However, the lifetime parameters τ 1 , τ 2 , a 1 , and a 2 remained almost the same as those from the two-component fit. The 3rd or higher corresponding relative amplitudes showed a relatively small number.
Results
Cell Morphological Change and Caspase 3 Activation Confirmed STS-Induced Apoptosis
We confirmed 1 μM STS-induced apoptosis in our previous study by cell morphological change and caspase 3 activation. 17 To confirm that the cell death pathway is through apoptosis at 20 times lower STS dose (i.e., 50 nM) in this study, we examined the cell morphology and measured caspase 3 activity as Fig. 1(b) ] for comparison. As expected, caspase 3 was activated slower when cells had been exposed at a lower STS dose, in which it required up to 6 h to become 3 folds or higher than controls after 50 nM STS treatment rather than 2 h at 1 μM. We added an additional measurement at 5 min after 1 μM STS treatment and observed a significant higher caspase 3 activity at 1.16 ± 0.02 folds than controls (p value = 5.62×10 − 4 ), which indicates an immediate apoptotic process started at 1 μM STS treatment. Fig. 2(A) , respectively. The fluorescence signals in the cytoplasm display punctuate perinuclear patterns, which were attributed to mitochondriaassociated NADH. 14, 25 No fluorescence is seen in the nuclei or on the nuclear membrane. Each pixel represents the mean lifetime (τ m ) of the short (τ 1 ) and long (τ 2 ) lifetime components weighted by their relative contributions a 1 and a 2 , respectively, such that τ m = (a 1 τ 1 + a 2 τ 2 )/(a 1 + a 2 ). The scale of the color mapping was chosen such that the blue color represented the longer lifetime (maximum 4000 ps) and the red color presented the shorter lifetime (minimum 200 ps). The "dark pixels" are due to no lifetime information there and thus no colors were assigned. No lifetime information can be due to a lack of NADH fluorescence signal from the pixels such as those in the medium and nuclear areas, and/or not enough NADH fluorescence intensity (or photon counts) for a reliable lifetime calculation. The color-coded lifetime images exhibit a gradual blue shift (increased lifetime) from the image taken at the time of controls to that taken at 115 to 125 min after 50 nM STS treatment. The normalized histograms of the mean lifetime (τ m ) from all pixels of the same FOV images taken at different time points show a peak (τ peak ) shift from ∼1100 to ∼2700 ps [ Fig. 2(B) ]. The full-width-at-half-maximum (FWHM) was ∼500 ps at the time of controls but become broader to be ∼1400 ps at 115 to 125 min after the STS treatment indicating that the inhomogeneous lifetime distribution within cells varied with time.
NADH Fluorescence Lifetime Increased in STS-induced Apoptosis in a Dose-Dependent Manner
Similar results were repeatedly observed in a total of eight samples at each time point and summarized in Fig. 3(a) , which plot the mean and standard deviation (STD) of the median lifetime values from the normalized τ m histograms. The time labeled at the x-axis was assigned as the mean value over the image acquisition time (i.e., 10 min). For example, 5 min represents the data point acquired at 0 to 10 min after treatment. Additionally, NADH mean fluorescence lifetimes at 3 and 4 h post-STS induction are shown in the same figure averaging over a total of three samples at each of these two time points. These data were taken from cells that had been subject to STS treatment and incubated in the incubator before FLIM. Thus they did not have the same FOV as other time points for each sample. However, because we compared the average result of at least 20 cells and the standard deviations at these later time points are similar to those at controls, these data well represented the trend of the NADH lifetime change at these later time points. Overall, Fig. 3(a) shows that NADH fluorescence lifetime increased for up to 2 h and then a decreased at 3 and 4 h post-exposing at 50 nM STS. The mean τ m values up to 2 h after 50 nM STS treatment are significantly different from those values of controls (p value <1.0 × 10 − 9 ). We repeated our previous study using 1 μM STS and the mean τ m ( ± STD) values were plotted in the same figure for comparison. Consistent with our previously published data, an immediate increase in the lifetime within 10 min followed by a decrease was observed. Although the trend of an increase and then a decrease in the lifetime was similar at both 50 nM and 1 μM STS treatment, the amplitude of the increase in NADH fluorescence lifetime was dose-dependent. The mean τ m at 1 μM STS dose increased to 3287 ± 296 ps but the mean τ m at 50 nM STS only increased to 2182 ± 284 ps. In addition, the time to reach the maximal τ m at 1 μM STS dose was shorter than that at 50 nM (5 min versus 2 h), as well as that τ m decreased earlier at a higher STS dose. The results in Figs. 1 and 3 imply that the NADH fluorescence lifetime change followed the kinetics of the apoptosis. The higher the STS dose used, the earlier the apoptotic process started, and the earlier the caspase 3 was activated.
NADH Fluorescence Lifetime Increase was Attributed to Decreased Free-to-Bound NADH Ratio and Increased Fluorescence Lifetime of the Protein-Bound NADH
To understand the mechanism behind the increase of NADH fluorescence lifetime after STS treatment, we analyzed the lifetime component distribution further by examining the histogram of a 1 -to-a 2 ratio, τ 1 , and τ 2 that represented free-to-bound NADH ratio, free NADH lifetime, and bound NADH lifetime, respectively. Similar to obtaining the mean τ m at each time point in Fig. 3(a) , we first obtained the median value from the a 1 -to-a 2 ratio, τ 1 , and τ 2 histograms of each fluorescence lifetime image, and then we calculated the mean value and standard deviation over three to eight samples at each time point. The results were plotted in Figs. 3(b)-3(d), which show a significant decrease in the a 1 -to-a 2 ratio and increase in τ 1 and τ 2 within 2 h of 50 nM STS treatment. At 3 to 4 h, these lifetime components (a 1 -to-a 2 ratio, τ 1 , and τ 2 ) returned to values similar to those of controls. This indicates that more bound NADH than free NADH were created during the first 2 h of 50 nM STS-induced apoptosis and the lifetime of bound NADH became longer as well. Vishwasrao et al. 26 reported three types of enzyme-bound NADHs using 4-component lifetime analyses in hippocampal slices where bound NADH has a lifetime greater than 1000 ps. The increase of τ 1 to be greater than 750 ps at 2 h post treatment in Fig. 3(c) may imply the tendency of free NADH becoming bound form (i.e., the long lifetime component). Similar plots for cells treated with 1 μM STS were shown in the same figure for comparison and they show similar trends as those with 50 nM STS. Overall, the data suggest that the increase in NADH fluorescence lifetime observed in STS-induced apoptosis is due to both an increased amount of bound NADH components and a redistribution of protein-bound NADH molecules to different enzyme binding sites. Furthermore, Fig. 3 indicates that these changes (i.e., increased τ m , τ 1 , τ 2 and decreased a 1 -to-a 2 ratio) occurred quickly after STS was introduced because the steepest slopes appeared in the early time point, in which the x-axis of the figure is plotted to be proportional to the time scale. 
NADH Fluorescence Lifetime Increased During STS-Induced Apoptosis in Cells With Mitochondrial Dysfunctions
Figure 4(a) shows the time course mean τ m of cybrids with mitochondrial dysfunction, 1-3-16 and 51-10, before and after 100 nM STS treatment. 1-3-16 cell is the control cybrid having 0% of 4,977 bp-deleted mtDNA and the 51-10 had 56% of 4977 bp-deleted mtDNA, which was confirmed by PCR analysis shown in Fig. 4(b) . In a previous study of apoptosis induced by 100 nM STS, 21 , the 51-10 cybrid had an approximately 1.5 times higher caspase 3 activity than did the 1-3-16 cybrid at 6 h after the treatment. Figure 4(a) shows that the τ m of 51-10 cybrids increased 5 min after the STS induction from 1829 ± 295 ps at controls to 2377 ± 296 ps. Consistent with the STS dosedependent results in Fig. 3(a) where apoptosis occurred earlier and the maximal NADH fluorescence lifetime value was higher at a higher concentration of STS, Fig. 4(b) implied that the more severe the mitochondrial dysfunction was, the earlier the apoptosis started, and the higher the maximal NADH fluorescence lifetime increased. However, unlike the STS dose-dependent results in Fig. 3(a) that the maximal mean τ m occurred at different time points for different STS doses (5 min at 1 μM STS versus 2 h at 50 nM), the maximal τ m values in both hybrids occurred at the same time point, i.e., 5 min after the 100 nM STS treatment. This is likely because of the STS dose used. We observed an immediate increase of NADH fluorescence lifetime to maximal values when STS at 100 nM or higher concentration was applied in HeLa cells (data not shown).
NADH Fluorescence Lifetime Kinetic Change Started Earlier Than and ATP Change
Mitochondrial membrane potential ( ) disruption and ATP depletion are two key steps toward STS-induced apoptotic pathway before caspase 3 activation. [27] [28] [29] In order to study their relationship with the NADH fluorescence lifetime change, we measured the time course of and ATP level before and after both 1 μM and 50 nM STS treatments in HeLa cells as shown in Fig. 5 . All measurements were shown relative to the control which was normalized to a value of 1.0. In Fig. 5 (a) at 1 μM STS treatment, dropped approximately 20% in 15 min with statistical significance and dropped more than 50% 18 h later. At the same STS dose, ATP did not show significant depletion until 1.5 h or later that the ATP level was 85 ± 9% relative to the control at 1.5 h and became 32 ± 20% at 8 h [ Fig. 5(c) ]. Compared with the NADH fluorescence lifetime change at the same STS dose [1 μM in Fig. 3(a) ], the NADH fluorescence lifetime kinetic change (i.e., immediately increased and then decreased) did not seem to correlate with either or ATP changes. But the trend of NADH fluorescence lifetime decrease after 30 min Fig. 4 (a) The plot of the mean and standard deviation of the τ m over three fields of view as the function of time in 100 nM STS-treated cybrids, 1-3-16 and 51-10, which had 0% and 56%, respectively, of 4977 bp-deleted mtDNA that had been confirmed by PCR analysis (b).
of STS treatment is similar to that of decreased at as early as 15 min after the treatment and that of decreased ATP at 1.5 h or later.
Under 50 nM STS treatment, significantly increased to 118 ± 13% and 125 ± 13% at 2 and 8 h, respectively, and then decreased to 80 ± 12% at 24 h and to 35 ± 13% at 72 h after the treatment [ Fig. 5(b) ]. Different from the change, the ATP level tended to increase within the first 2 h, but not statistically significant, and then dropped to ∼70% or lower of the control value at 8 h or later after the treatment [ Fig. 5(d) ]. The trend of the increase and then decrease in NADH fluorescence lifetime at the same STS dose seemed to follow the trend of the increase then decrease of and ATP. However, the time to reach the maximal value is shorter for NADH fluorescence lifetime (i.e., ∼2 h) than for (i.e., ∼8 h). For ATP, its level stayed constant or tended to increase while the NADH fluorescence lifetime increased in the first 2 h.
The Substrate-Supported Oxygen Consumption Rates, State 3 Respiration, and the Mitochondrial Respiration Uncoupling Show No Significant Change After 50 nM STS Treatment
We measured the mitochondrial oxygen consumption rate of 50 nM STS-treated HeLa cells at 8 min, 30 min, 1, 1.5, 2, and 8 h as shown in Table 1 . Substrate-supported oxygen consumption rate and State 3 respiration were measured by adding substrates of glutamate/malate and glutamate/malate plus ADP, respectively. Glutamate/malate provided the electrons to Complex I to increase the rate of oxygen consumption. The addition of ADP was to evaluate the Complex V function that pumps protons from mitochondrial inter-membrane space back to the matrix and thereby generates ATP. Overall speaking, the substrate-supported (i.e., State 2) oxygen consumption rate and State 3 respiration rate fluctuated and did not show a significant increase or decrease within 8 h of treatment with 50 nM STS. As expected, the oxygen consumption rate in the State 3 respiration was higher than that in State 2 when cells were added with substrates only. We divided the State 3 respiration rate by the State 2 respiration rate that reflected how well the coupling was between mitochondrial respiration and ATP synthesis. The coupling of mitochondrial respiration shows no significant difference between controls and STS-treated cells at all time points measured.
Discussion
The main goal of the present study was to investigate the relationship between the NADH fluorescence lifetime change and mitochondrial dysfunction in STS-induced apoptosis. We obtained the time course measurement of NADH fluorescence lifetime, mitochondrial membrane potential ( ), ATP level, and caspase 3 activity in HeLa cells before and after STS treatment at a higher (1 μM) and lower (50 nM) dose. We also measured the NADH fluorescence lifetime change in cybrids harboring two different portions (0 versus ∼56%) of 4977 bp-deleted mtDNA before and after treatment with a fixed dose of STS at 100 nM. The results show that 50 nM STS delayed the increase of NADH fluorescence lifetime and caspase 3 activity and delayed the decrease of and ATP level, as compared to cells treated with the higher STS concentration at 1 μM. The slower (or the faster) the STS-induced apoptosis proceeded, the slower (or the faster) the NADH fluorescence lifetime increased, and the lower (or the higher) amount of the maximal lifetime was reached. Cybrids harboring 0% of 4977 bp-deleted mtDNA showed a lower maximal lifetime increase compared to cybrids harboring ∼56% of 4,977 bp-deleted mtDNA. In a previous study, 21 cybrids with a higher proportion of 4977 bp-deleted mtDNA showed a higher caspase 3 activity after 6 h of 100 nM STS treatment indicating a faster apoptotic process. Overall, the extent of the increase of NADH fluorescence lifetime due to STS-induced apoptosis is related to a faster apoptosis kinetic due to either the higher concentration of STS or a more pronounced dysfunction of mitochondria in the present study.
However, the time course change of NADH fluorescence lifetime does not seem to associate with that of either ATP or . While exposing HeLa cells to 1 μM STS, both and ATP started decreasing significantly at 15 min and 1.5 h, respectively, after the treatment. At the condition of 50 nM STS where the apoptosis occurred slower so that we could better compare the time course change of the NADH fluorescence lifetime and mitochondrial functions, the showed an increase and then a decrease pattern, but did not reach its maximum until 8 h after treatment which was 6 h later than the NADH fluorescence lifetime reached its plateau. The ATP content tended to increase at 2 h after the 50 nM STS treatment but this increase was not statistically significant. At 8 h after treatment, the ATP content was depleted to approximately 32% (p value = 2.32×10 − 5 ) compared to controls. This is different from that showed a significant increase (125 ± 13%) at the same time point. Finally, it is worth noting that the NADH fluorescence lifetime increased when both and ATP were equal to or higher than their controls but long before reached its maximal value [ Fig. 5(b) ] and ATP depletion [ Fig. 5(d) ]. NADH fluorescence lifetime decreased before both and ATP were significantly depleted. Figure 6 summarizes the time of NADH fluorescence lifetime, , and ATP change in this study. An elevation of or mitochondrial hyperpolarization has been discovered to occur before the activation of caspases, phosphatidylserine (PS) externalization and disruption of in apoptosis of cells induced by Fas-, H 2 O 2 -, tumor necrosis factor-, STS-, camptothecin-, and NO-, respectively. [30] [31] [32] [33] Three main mechanisms could lead to the elevation of : ADP deficiency, inhibition of the enzymatic activity of F o F 1 -ATPase, and dephosphorylation of cytochrome c oxidase which is mediated by protein kinase A. STS inhibited all protein kinases including protein kinase A, which may contribute in part to the mitochondrial hyperpolarization observed in this study.
The NADH fluorescence intensity has long been used as an optical indicator of metabolism. The NADH fluorescence lifetime has recently been shown to associate with cellular metabolism as well as in manipulated human breast cells, neoplastic cells and tissues, and human mesenchymal stem cells. 14, 15, 24 From our measurement of the time-lapse NADH fluorescence intensity of HeLa cells treated with 50 nM STS for up to 2 h with excitation and emission wavelengths at 380 and 450 nM, respectively, using a spectrofluorometer (Hitachi F-3000, Tokyo, Japan), it showed a monochromical increase to 6-folds of the value of the control under room temperature (data not shown). Together, with the result of the lifetime measurement, we suggest that the changes of the NADH fluorescence lifetime and intensity during STS-induced apoptosis is not simply due to cellular metabolism change because it is neither directly associated with the oxygen consumption rate nor the intracellular ATP level. Both the oxygen consumption rate and ATP level are the indicators of the electron transport chain activity and the efficiency of the cell to generate ATP when mitochondria are highly coupled. Furthermore, because NADH fluorescence lifetime signals are directly determined by both free and protein bound NADH lifetime τ 1 and τ 2 , respectively, and their relative contribution ratio (a 1 -to-a 2 ratio), the results of τ 1 , τ 2 , and a 1 -to-a 2 ratio in Fig. 3 suggested that the overall increase of mean NADH fluorescence lifetime at 50 nM dose of STS [ Fig. 3(a) ] was mainly attributed to both the increase in protein bound NADH fluorescence lifetime (τ 2 ) [ Fig. 3(d) ] and its contribution [i.e., decreased a 1 -to-a 2 ratio in Fig. 3(b) ]. These findings indicate that two conditions possibly co-existed: one is that NADH redistributed to bind to different proteins and/or binding sites; another is that the number of NADH binding sites was increased. We hypothesized that this overall increase in the intensity and lifetime of protein bound NADHs is possible because the binding partner of NADH underwent a STS-dependent conformational change (e.g., phosphorylation) or is because proapoptotic molecules reacted with mitochondria at the early phase of mitochondria-mediated apoptosis. These hypotheses still await further studies. Finally, we want to point out that the NADH fluorescence lifetime increase due to STSinduced apoptosis is significantly larger than the lifetime change due to cellular metabolism manipulation. We have monitored the NADH fluorescence lifetime change over a broad range of treatment duration under various mitochondrial inhibitors at various drug doses. The NADH fluorescence lifetime change was relatively small or unchanged. 34 In conclusion, this study established the relationship between the NADH fluorescence lifetime change and mitochondrial dysfunction during STS-induced apoptosis. The increase and then the decrease of NADH fluorescence lifetime occurred at the early phase of apoptosis before the mitochondrial membrane potential ( ) diminished, ATP depleted, and caspase 3 activated. The lifetime increase was associated with the NADH redistribution from the free to bound form in mitochondria because both τ 1 and τ 2 were shown to increase and the a 1 -to-a 2 ratio was shown to decrease. Finally, this lifetime increase due to the STS-induced cell death is significantly larger than the lifetime change caused by cellular metabolic perturbations.
